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Abstract
Objective: To investigate the associations of body mass index (BMI) and grip strength with objective measures of physical
performance (chair rise time, walking speed and balance) including an assessment of sex differences and non-linearity.
Methods: Cross-sectional data from eight UK cohort studies (total N = 16 444) participating in the Healthy Ageing across the
Life Course (HALCyon) research programme, ranging in age from 50 to 90+ years at the time of physical capability
assessment, were used. Regression models were fitted within each study and meta-analysis methods used to pool
regression coefficients across studies and to assess the extent of heterogeneity between studies.
Results: Higher BMI was associated with poorer performance on chair rise (N = 10 773), walking speed (N = 9 761) and
standing balance (N= 13 921) tests. Higher BMI was associated with stronger grip strength in men only. Stronger grip
strength was associated with better performance on all tests with a tendency for the associations to be stronger in women
than men; for example, walking speed was higher by 0.43 cm/s (0.14, 0.71) more per kg in women than men. Both BMI and
grip strength remained independently related with performance after mutual adjustment, but there was no evidence of
effect modification. Both BMI and grip strength exhibited non-linear relations with performance; those in the lowest fifth of
grip strength and highest fifth of BMI having particularly poor performance. Findings were similar when waist circumference
was examined in place of BMI.
Conclusion: Older men and women with weak muscle strength and high BMI have considerably poorer performance than
others and associations were observed even in the youngest cohort (age 53). Although causality cannot be inferred from
observational cross-sectional studies, our findings suggest the likely benefit of early assessment and interventions to reduce
fat mass and improve muscle strength in the prevention of future functional limitations.
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Introduction
Maintaining physical capability, defined as the ability to
undertake the physical tasks of everyday living, is essential in
older age. Lower levels of physical capability, as assessed by simple
objective measures of physical performance (walking speed, chair
rise and standing balance times) and muscle strength, have been
shown to predict the onset of disability, loss of independence and
survival in older community-dwelling populations [1–3]. It is
therefore important to establish modifiable risk factors related to
these measures.
The rise in the prevalence of obesity in all age groups in many
countries [4,5] coupled with the global ageing of the population
means that establishing the influence of adiposity on physical
capability is increasingly important from a public health perspec-
tive. Higher body mass index (BMI) has been associated with
slower walking speed and poorer chair rise and standing balance
performance [6–16], but studies are limited in a number of ways.
Few have examined sex differences, most have focussed on either
overweight/obesity or on a continuous measure of BMI assuming
a linear relationship, and have not considered the influence of
being underweight or investigated potential non-linearity and few
have considered alternative measures of adiposity such as waist
circumference [17]. The relationship between BMI and grip
strength is less consistent [13,18], but as weaker muscle strength
has been associated with reduced levels of physical performance
[17], there is a growing interest in whether sarcopenic obesity (a
combination of weak muscle strength and high adiposity) [19] is
particularly detrimental to physical performance [7,19].
Healthy Ageing across the Life Course (HALCyon) is a
collaborative research programme including nine UK cohorts
(age range 50 years to 90+ years) that aims to investigate how
factors across life influence physical capability and other aspects of
healthy ageing. We investigate, in the eight cohorts with at least
one objective measure of physical capability, the associations of
BMI and, where available, grip strength with objective measures of
physical performance (chair rise time, walking speed and standing
balance). We also investigate the joint effects of BMI and muscle
strength on physical performance, and test whether grip strength
modifies the effect of adiposity. We assess whether there are sex
differences in each of the main associations, and whether there is
evidence of non-linearity. Finally, we consider whether waist
circumference is associated with the outcome measures in a similar
way to BMI.
Methods
Data from the eight HALCyon cohorts [20] with relevant
information were used in these analyses. Written informed consent
was given by all participants as appropriate. Ethical approval was
obtained from the Multicentre Research Ethics Committee for
Scotland, the Ethics Committee of the Division of Medicine of the
former South Glamorgan Area Health Authority and Gwent
Research Ethics Committee, the Multicentre Research and Ethics
Committee, the South East Multicentre Research Ethics Com-
mittee, the Bedfordshire and Hertfordshire Local Research Ethics
Committee and the West Hertfordshire Local Research Ethics
Committee, and the North Thames Multicentre Research Ethics
Committee.
The Aberdeen Birth Cohort 1936 (ABC1936) includes men and
women born in 1936 who sat a test of mental ability in 1947 as
part of the Scottish Mental Survey [21]. A total of 70,805 children
sat the test. In the 1990s those still resident in the Grampian area
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were identified through record linkage with lists of those registered
with a General Practitioner. The first wave of new data was
collected when study members were aged 62–68 years when 508
participated. Of these 498 (98.0%) contributed to analyses.
The Boyd Orr study is taken from an original sample of 4999
men and women born between 1918 and 1939 who participated in
the Carnegie (Boyd Orr) Survey of Diet and Health in Pre-War
Britain, 1937–1939 [22]. A total of 3182 who were traced, still
alive and resident in Britain in 1997–1998, were sent a
questionnaire and 1648 (51.8%) responded. When study members
were aged 63–83 years, a sub-sample of 405 (55.3%) of a target
sample of 732 surviving study members living around four of the
original survey centres underwent clinical examination, including
assessments of physical performance. All 405 contributed to
analyses.
The Caerphilly Prospective Study (CaPs) recruited 2512 men
born between 1920 and 1939 when they were aged 45–59 years
from the town of Caerphilly, South Wales and the adjacent villages
[23]. For the second examination, the original cohort was
supplemented with 447 men of a similar age who had moved
into the study area. However, 561 men were lost from the cohort
giving a total of 2398 men who participated in this second phase.
Physical capability was measured in wave 5 when cohort members
were aged 65–84 when 1195 (49.8% of those seen at second phase)
attended the clinic, with 1145 (95.8% of those attending clinic)
being included in analyses.
The English Longitudinal Study of Ageing (ELSA) was drawn
from men and women born in the first half of the twentieth
century, whose household participated in the Health Survey for
England in 1998, 1999 and 2001. All households with one or more
resident born before 1 March 1952 that participated in these three
years of the Health Survey for England and gave permission to be
re-contacted in future, were eligible for ELSA [24]. The individual
response rate for the baseline ELSA interview, which took place in
2002–03, was 64.7%. Of the total 12,099 respondents, 11,391
were core members. Physical performance measures were
recorded at wave 2 in 2004–2005 when 8780 core members
(77.1% of those seen at baseline) participated. Of these 7225
(82.3%) provided all the information required to be included in
analyses.
The Hertfordshire Ageing Study (HAS) is a cohort of men and
women born in North Hertfordshire between 1920 and 1930
whose birth and infant records were available [25]. Of the 6803
live single births, a total of 1428 were traced, alive and living in
North Hertfordshire at the time of the first follow-up. When aged
63–73 years, 717 (50.2% of target sample) attended a clinic for
examination including grip strength of whom 714 (99.6%) are
included in analyses with grip strength as an outcome. Perfor-
mance tests were carried out at the second wave when 294 of the
717 who attended clinic at the first follow-up were seen in clinic
again, and 290 (98.6%) were included in analyses.
In 1998–2004, men and women born in Hertfordshire between
1931 and 1939 and still living in the county were recruited to a
Figure 1. Association between BMI (categorised into fifths) and chair rise performance (%). Footnote: Summary estimates (each category
compared with the middle category) from a random effects meta-analysis (4 studies) are presented. Models adjusted for age (where appropriate) and
height.
doi:10.1371/journal.pone.0056483.g001
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larger study; the Hertfordshire Cohort Study (HCS). Of the
39,764 live births, 7106 were traced as still alive in Hertfordshire
and registered with a General Practitioner (GP) in 1998 [26].
Permission to contact 6099 was obtained from GPs and of these
2997 (49.1%) attended a clinic examination at the first new wave
of data collection when participants were aged 59–73 years. A
total of 2983 (99.5%) were included in analyses.
The Lothian Birth Cohort 1921 (LBC1921) consists of men and
women born in 1921, who sat a test of mental ability in 1932 as
part of the Scottish Mental Survey. A total of 87, 498 children sat
the test. In the 1990s, those still resident in the Lothian area were
identified using lists of individuals registered with a general
practitioner. Of the 1120 potential participants identified, 728
responses were received, of which 501 were eligible. Media
advertisements identified another 368 eligible participants. In
total, 550 (63.3% of those identified as eligible) joined LBC1921
and completed the first wave of data collection which took place
when participants were aged 77–80 years [21]. Of these 544
(98.9%) were included in analyses.
The MRC National Survey of Health and Development
(NSHD) is a sample of all the births (n = 5362) that took place
in England, Scotland and Wales in one week in 1946 with
prospective follow-up since birth [27]. At 53 years of age when
physical performance was first measured, the target sample
consisted of 3673 still alive and living in Britain. Contact was
not attempted for those who had died (n= 469), emigrated
(n= 461), had permanently refused to participate in the study
(n= 640) or were living abroad at the time of interview (n= 119).
Of the 3673, 2989 (81.4% of the target, 55.7% of original sample)
were interviewed and examined in their own homes and 2930
(98.0%) were included in analyses.
Physical Capability
Grip strength and walking speed have been measured in five
cohorts, get up and go and chair rise time in four and balance in
seven. Harmonisation of the physical capability measures across
cohorts has been discussed in detail elsewhere [20].
Dynamometers were used to measure grip strength in all
studies. The maximum recorded value of grip strength from
multiple attempts was used in analysis.
Chair rising ability was measured as the time taken to rise
from a sitting to a standing position and then sit down again
five complete times in HAS, HCS and ELSA, and ten times in
NSHD. We regressed the time taken for 5 chair rises on the
time for 10 chair rises for younger ELSA participants and used
the coefficients from regression equations to obtain predicted
times for 5 chair rises in NSHD. As the distribution for chair
rise time was skewed, natural logarithms of the times were
taken, and then multiplied by 100 so regression coefficients
could be interpreted as percentage changes [28]. For display
Figure 2. Association between BMI (categorised into fifths) and walking speed (cm/s). Footnote: Summary estimates (each category
compared with the middle category) from a random effects meta-analysis (7 studies for men, 6 studies for women) are presented. Models adjusted
for age (where appropriate) and height.
doi:10.1371/journal.pone.0056483.g002
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purposes, in order that a higher value represented better
performance we used –1006ln(chair rise time) in analyses.
Regression coefficients can then be interpreted as the percent-
age decrease in chair rise time (i.e. better performance) per unit
increase in the predictor variable [28].
In LBC1921 the time it took participants to walk as quickly as
possible over a distance of 6 m was recorded. In all other cohorts,
participants were timed walking at their normal pace over
distances ranging from 3 m to 6 m. Walking times were converted
to speeds (cm/s) to account for the different distances walked. A
timed get up and go (TUG) test which recorded the time taken to
get up from a chair, walk 3 m at a normal pace, turn around,
return to the chair and sit back down was carried out in four
studies (HAS, HCS, CaPs, BO). We included TUG speed (cm/s)
for CaPs and BO in walking speed analyses.
Standing balance was assessed as the time, up to a maximum of
30 seconds that a one-legged stance could be maintained with eyes
open in HAS, HCS, CaPs, BO, and NSHD. In ELSA, only
participants aged 69 and under who completed all three stages of a
series of tandem stands were asked to balance on one leg.
Participants over 70 completed only the series of tandem stands. In
ABC1936 whether or not participants were able to balance on one
leg with their eyes open for 5 seconds was recorded. A binary
variable indicating whether an individual was unable to balance
for up to 5 seconds was created.
Body Size
All cohorts measured height and weight according to study
protocol at the same data collection wave as the measures of
physical capability. BMI was calculated as weight(kg)/height(m)2.
Six cohorts measured waist circumference.
Statistical Analysis
Measures of physical capability and adiposity used in these
analyses were generally taken from the first wave where they had
been recorded concurrently (see Cooper et al [20] for details). For
each set of analyses, equivalent multiple regression models (logistic
regression for standing balance) were first fitted within each study.
The random effects meta-analysis model [29] (selected a priori due
to expected heterogeneity) was then used to obtain an overall
estimate across all studies, and the percentage of variation between
studies that cannot be attributed to within-study variation was
examined using I2 [30]. Regression models were fitted to estimate
the associations between BMI and grip strength and BMI and
each of the three physical performance measures (adjusted for age
and height) and between grip strength and each performance
measure (adjusted for age and height) within each study, separately
for men and women. Sex differences in effects were obtained
(defined as the interaction between sex and BMI or sex and grip
strength) in models including both sexes. To assess the linearity of
associations, first quadratic terms were added to models and then
BMI (or grip strength) was split into categories using quintiles. In
all meta-analyses, age was considered as a potential source of
Figure 3. Association between BMI (categorised into fifths) and inability to balance for 5 seconds (OR). Footnote: Summary estimates
(each category compared with the middle category) from a random effects meta-analysis (7 studies for men, 6 studies for women) are presented.
Models adjusted for age (where appropriate) and height.
doi:10.1371/journal.pone.0056483.g003
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heterogeneity by assessing how the study estimates varied by mean
age of participants. In addition, meta-analyses of interactions
between age and BMI obtained within each study were performed.
Finally, we assessed the relative importance of grip strength and
BMI to physical performance in the five studies with relevant data
(NSHD, ELSA, HCS, HAS, LBC1921). Models were fitted within
each study including BMI and grip strength with adjustment for
age and height. BMI by grip strength interaction terms were
added to test whether the effect of adiposity was modified by grip
strength. Similar models were repeated with waist circumference
instead of BMI, as preliminary analyses including both adiposity
measures in models resulted in a weakening of both effects.
All analyses for the continuous outcomes were repeated using
standardised measures. As the overall conclusions were unaltered,
these results are not presented, but it is highlighted when this
standardisation resulted in reduced heterogeneity. All analyses
were carried out in Stata version 10.
Results
Summary characteristics of the cohorts are provided in Table 1.
Mean BMI for both men and women was over 26 kg/m2 in all
cohorts, thus many participants in the included cohorts were
overweight.
Adiposity and Grip Strength
After adjustment for age and height, higher BMI was associated
with stronger grip strength among men only (Table 2, Figure S1)
with heterogeneity across studies (I2 = 57.2%). There was a
suggestion that associations were stronger at younger ages, but
this variation was reduced when using standardised grip strength
and no evidence of an interaction between age and BMI was
found when pooling within-study terms. There was strong
evidence of a sex difference in association when within-study
differences (the sex by BMI interaction terms) were combined in a
meta-analysis. Grip strength was 0.22 kg (95% CI: 0.17 to 0.28)
greater for every kg/m2 higher BMI in men than women (Table 2).
Men in the lowest fifth of BMI had a particularly low mean grip
strength compared with men in the top four fifths (Figure S2). As
only around a quarter of individuals were of normal weight or
below (,25 kg/m2) these analyses investigated the associations
with BMI primarily within the overweight and higher range. We
therefore repeated analyses using the classification of underweight,
normal weight, overweight ($25 kg/m2) and obese ($30 kg/m2).
Underweight women, as well as underweight men, had weaker
grip strength than those with higher BMI (Figure S3).
Higher waist circumference was related to stronger grip strength
in men, but more weakly than BMI (data not shown). Including
both BMI and waist circumference in the same model, resulted in
the association with waist circumference becoming highly negative
for both sexes, particularly for men. The positive association with
BMI strengthened.
Figure 4. Association between grip strength (kg) and chair rise performance (%). Footnote: Models adjusted for age (where appropriate)
and height.
doi:10.1371/journal.pone.0056483.g004
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BMI and Physical Performance
Higher BMI was associated with poorer chair rise performance,
slower walking speed and greater odds of being unable to balance
for 5 seconds in both sexes, after adjustment for age and height
(Table 2, Figures S4, S5, S6). For chair rise performance, there
was moderate heterogeneity among men with a trend suggesting
weaker associations with decreasing mean cohort age. However,
no evidence of an age by BMI interaction was found when
combining within-study estimates (p = 0.2). Exclusion from the
walking speed analysis of the two studies (BO and CaPs) with
TUG speed resulted in little change to the results. Heterogeneity
in the associations among women with walking speed was
explained by LBC1921 and heterogeneity among men was
reduced to zero when a standardised outcome was used. The
oldest cohort, HAS, was responsible for much of the heterogeneity
among estimates for standing balance in both sexes (I2 reduced to
0 for men and 27.6% for women after exclusion). There was some
suggestion that the associations were stronger in women than men,
although these differences were small (Table 2).
When quadratic terms were pooled in a meta-analysis, a non-
linear effect of BMI on walking speed was suggested in both sexes
(p,0.001 in both) and on standing balance among men
(p = 0.001). There was less evidence of a consistent deviation from
linearity for chair rise time. When considering BMI in categories,
for all three measures, but especially for walking speed and
standing balance, the detrimental impact of BMI was particularly
evident in the highest fifth of the BMI distribution (Figures 1,2, 3).
Using the standard categorisation of underweight, normal weight,
overweight and obese, for chair rise performance, there was little
difference between the underweight group and the normal weight
group, with only the obese group exhibiting substantially poorer
performance (Figure S7). For both walking speed and standing
balance, the underweight group showed poorer performance than
the normal weight group (Figures S8, S9). However, the
confidence intervals were wide due to the small numbers of
underweight individuals.
Grip Strength and Physical Performance
Higher grip strength was associated with better performance on
all tests in both men and women after adjustment for age and
height (Figures 4, 5, 6). The relationship was stronger in women
than men for chair rise performance (0.36% (20.03, 0.75) per kg
greater grip strength, p = 0.07) and walking speed (0.43 cm/s
(0.14, 0.71), p = 0.004). The sex difference in chair rise perfor-
mance became considerably stronger (p,0.001) on excluding the
youngest cohort, NSHD, which was also the source of heteroge-
neity. There was no evidence of a sex difference in the relationship
between grip strength and standing balance (OR (95% CI) for
interaction: 0.99 (0.95, 1.02), p = 0.5). Although there was a
suggestion (Figures 4 and 5) that the effects were stronger at older
ages for chair rise performance and walking speed, this was not
supported when combining the within study grip strength by age
interaction terms (p.0.2 in all cases).
Figure 5. Association between grip strength (kg) and walking speed (cm/s). Footnote: Models adjusted for age (where appropriate) and
height.
doi:10.1371/journal.pone.0056483.g005
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A non-linear effect of grip strength on chair rise performance
and walking speed was observed in both sexes, with the additional
beneficial effects of stronger grip strength becoming less at higher
levels of strength. There was no evidence of non-linearity (on the
log scale) for standing balance.
Combined Effects of BMI and Grip Strength on Physical
Performance
Both grip strength and BMI remained associated with chair rise
time, walking speed and standing balance in mutually adjusted
models (also adjusted for age and height) (Table 3). There was no
evidence of an interaction between BMI and grip strength for any
of the performance measures. Given the previously observed non-
linearity of relationships for both BMI and grip strength, further
models using binary categorisations of BMI (highest fifth
(.30.5 kg/m2 in men and BMI.31.7 kg/m2 in women) versus
rest) and grip strength (lowest fifth (,32 kg in men and ,18 kg in
women) versus rest) were fitted (Table 3). Both BMI and grip
strength showed strong independent effects, but, again, there was
no evidence of an interaction for any performance outcome.
Hence, an additive effect is suggested.
Findings in the three studies with all relevant measures at the
same age were very similar when waist circumference replaced
BMI in these analyses.
Discussion
Higher BMI was associated with poorer performance on chair
rise, walking speed and standing balance tests. The associations of
BMI with performance were non-linear, with poorer performance
primarily observed in the most overweight groups, but with some
suggestion of poorer performance also in the underweight. Weaker
grip strength was associated with poorer performance on all tests
and the associations with some aspects of performance were
stronger in women than men. Although higher BMI was
correlated with higher grip strength in men, BMI remained
independently associated with performance after adjustment for
grip strength. Those in the highest fifth of BMI and the lowest fifth
of grip strength had the poorest performance through an additive
effect. The associations with waist circumference were similar to
those for BMI.
Strengths and Limitations
A major strength of this study is the large sample size obtained
by combining data from eight cohorts. This results in adequate
power to investigate sex differences and to examine in detail the
shape of relationships. The harmonisation of data and the
coordinated analyses allows for an assessment of consistency of
findings across studies, thus making conclusions more robust.
Another strength is the use of objective measures of physical
capability that have high levels of reliability and which allow
examination of variation in function across the full spectrum of
Figure 6. Association between grip strength (kg) and inability to balance for 5 seconds (OR). Footnote: Models adjusted for age (where
appropriate) and height.
doi:10.1371/journal.pone.0056483.g006
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ability. Although data were harmonised, there remain differences
in measures across studies which might limit comparability.
Standing balance performance was particularly problematic to
harmonise; the measure of balance selected is less appropriate for
younger studies such as NSHD as very few individuals of that age
were unable to balance for 5 seconds [20]. We did conduct a
number of sensitivity analyses (for example excluding studies using
TUG speed instead of walking speed) and found little differences
in associations.
All associations considered were cross-sectional due to the lack
of comparable multiple measurements of BMI and physical
performance across studies, thus limiting our ability to deduce
the direction of association. Hence, it is possible that the observed
associations are actually due to reductions in physical capability
resulting in increases in BMI, possibly through reduced physical
activity. Previous work in the NSHD does, however, suggest that
prior life course body size impacts on physical performance at age
53 [31]. The study designs of the HALCyon cohorts vary, with the
samples analysed here being obtained in different ways and none
remain completely representative of the original populations from
which they were selected. Hence, findings could have been
influenced by sample selection and selective attrition. However,
although all studies are from the UK, given their diverse designs
and selection criteria any such bias would be unlikely to be
completely consistent across all studies. That we observed
consistent findings in terms of direction of associations, if not
magnitude, suggests that the results are not entirely due to
selection bias within cohorts. There is also the possibility that the
studies included in HALCyon may not be representative of all
studies which could address the aims of this research. The extent of
heterogeneity (I2) could not be estimated very precisely as the
number of studies included was relatively small. This also limited
the extent to which we could investigate reasons for heterogeneity.
A priori it was considered that age may have an impact on the
strength of associations. As well as ordering plots by mean age of
study, we tested whether there was evidence of a BMI by age
interaction. In most studies the age range may have been too
narrow to properly assess this.
Comparison with Previous Studies
Other studies have shown similar associations between higher
BMI and poorer physical capability [7–16]. Consistent with
previous findings of a stronger association between BMI and
functional limitations in women than men [6,32,33], we find weak
evidence to support a small sex difference in relation to physical
performance, particularly chair rising.
For walking speed and standing balance, the underweight group
appeared to perform more poorly than the normal and overweight
groups, although the small proportion (3%) underweight (even
when defined as ,20 rather than ,18.5 kg/m2) meant we could
not test the difference adequately. The finding is in agreement
with some previous studies [12,13]. We also found only small
mean differences in physical performance with higher BMI within
the normal to overweight categories with greater differences only
occurring in the top one or two fifths of the BMI distribution. As in
the few previous studies, we also found that higher central
adiposity was related to slower walking speed [17], and this was
extended to other measures of performance. Rather than adding
additional information, however, we found that waist circumfer-
ence acted in a very similar way to BMI in relation to
performance.
Previous studies have generally investigated the combined
effects of grip strength and adiposity by defining four groups:
neither sarcopenic (as measured by low grip strength or muscle
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mass) nor obese; obese only; sarcopenic only; and both obese and
sarcopenic. Some, but not all, have found that poor performance is
greatest in those with both obesity and sarcopenia. This may
depend on the way that sarcopenia has been defined, with those
basing it on low muscle strength showing an effect [8,34], but
those with muscle mass not [35,36]. Studies based on grip strength
were consistent with our findings of poorest performance among
those with low strength and high BMI, with the effects of the two
components being additive. Given the methods used in previous
studies it is generally unclear whether the estimated effects of
sarcopenic obesity simply reflect an additive effect of low muscle
strength and obesity or whether the detrimental effect of obesity is
only apparent if accompanied by low muscle strength (i.e. an
interaction).
Explanations and Implications
The curvilinear relationships observed between BMI and chair
rise and standing balance times suggest that there may be a
threshold for BMI which is detrimental to these outcomes. This
may support categorisation of BMI in analyses, although a
threshold effect, previously suggested from a review (but not meta-
analysis) of the literature [6] as being between 30–35 kg/m2, was
not clearly observed in our study across all cohorts and
performance measures, suggesting the focus should not just be
on the extreme category.
Poor health, low levels of physical activity and frailty may
explain the finding that underweight participants performed more
poorly than normal and overweight individuals. However, the
cross-sectional nature of these analyses means that the direction of
any relationships cannot be determined. It may also be that any
such relationship is weakened by those not able to perform the
tests being in worse health, and thus perhaps more likely to be
underweight than those that are able. Associations between weak
grip strength and high adiposity and poor performance may also
be in part due to the ill health and low levels of physical activity in
these groups [19].
Stronger effects of BMI on performance among women
compared with men may reflect differences in body composition
between the sexes. Due to genetic, hormonal and environmental
differences women tend to have a lower proportion of lean mass
than males. There are also gender differences in the distribution of
lean mass with males tending to have greater amounts of upper
body lean mass [37]. This is supported by the positive association
between BMI and grip strength in men but not women; although
even among men, it was only those in the lowest BMI group who
exhibited lower muscle strength compared with the others. Grip
strength was also generally more strongly associated with
performance in women than men, perhaps because women have
much lower strength than men with more, therefore, being at risk
of impairment.
We found substantial heterogeneity in associations across studies
for some analyses. In some cases, such as for walking speed, this
was reduced on use of a standardised outcome due to differences
in the standard deviations across studies resulting from variations
in protocol. For chair rise time and standing balance the
suggestion that the association with BMI got stronger with
increasing mean age of study participants may be due to the
same BMI representing a greater proportion of fat mass at older
ages as fat mass has been shown to increase with age while muscle
mass declines [38,39]. However, any such age-related change in
the effect of body size should be interpreted with caution as our
observations were at the study, rather than individual, level, and
analyses within studies found no evidence of a change in effect
with age. Heterogeneity might also exist due to the different life
course experiences of the different cohorts. Cross-sectional
associations between BMI and physical performance are likely to
depend not only on current size but also on the length of time that
an individual has been overweight. Different cohorts have
experienced rises in mean BMI at different ages and thus for the
same BMI, the burden of cumulative BMI may be different
[38,40]. Alternatively, differences may be a result of variation in
study design and conduct.
Those at the bottom end of the grip strength distribution, in
general, did particularly poorly on all performance tests suggestive,
as for BMI, of a threshold effect. Hence, individuals with poor
muscle strength and high adiposity (sarcopenic obesity) have
considerably poorer performance than others through an additive
effect. These associations with physical performance were evident
even in the youngest cohort (53 years). Although we cannot infer
causality from our findings, they suggest that early assessment to
identify those most at risk, and interventions to reduce fat mass
and improve muscle strength, may prevent future functional
limitations.
Supporting Information
Figure S1 Association between BMI (kg/m2) and grip
strength.
(TIF)
Figure S2 Association between BMI (categorised into
fifths) and grip strength (kg). Summary estimates (each
category compared with the middle category) from a random
effects meta-analysis (5 studies). Models adjusted for age (where
appropriate) and height.
(TIF)
Figure S3 Association between BMI (in categories) and
grip strength (kg). Summary estimates (each category com-
pared with the normal weight category) from a random effects
meta-analysis (5 studies). Models adjusted for age (where
appropriate) and height.
(TIF)
Figure S4 Association between BMI (kg/m2) and chair
rise performance (%).
(TIF)
Figure S5 Association between BMI (kg/m2) and walk-
ing speed (cm/s).
(TIF)
Figure S6 Association between BMI (kg/m2) and inabil-
ity to stand on one leg for 5 seconds (OR).
(TIF)
Figure S7 Association between BMI (in categories) and
chair rise performance (%). Summary estimates (each
category compared with the normal weight category) from a
random effects meta-analysis (4 studies). Models adjusted for age
(where appropriate) and height.
(TIF)
Figure S8 Association between BMI (in categories) and
walking speed (cm/s). Summary estimates (each category
compared with the normal weight category) from a random effects
meta-analysis (7 studies for men, 6 studies for women). Models
adjusted for age (where appropriate) and height.
(TIF)
Figure S9 Association between BMI (in categories) and
inability to balance on one leg for 5 seconds. Summary
estimates (each category compared with the normal weight
BMI, Muscle Strength and Physical Performance
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category) from a random effects meta-analysis (5 studies for men:
HAS and ABC1936 are omitted due to small numbers, 4 studies
for women: NSHD and ABC1936 are omitted due to small
numbers). Models adjusted for age (where appropriate) and height.
(TIF)
Acknowledgments
We are very grateful to all the cohort members who have participated in
the studies included in HALCyon and all those involved in data collection.
The HALCyon Study team also includes: Tamuno Alfred, School of Social
and Community Medicine, University of Bristol, Bristol, UK; Paula
Aucott, Department of Geography, University of Portsmouth, Portsmouth,
United Kingdom; Leone Craig, Institute of Applied Health Sciences,
University of Aberdeen, Aberdeen, UK; Ian Day, MRC Centre for Causal
Analyses in Translational Epidemiology, School of Social and Community
Medicine, University of Bristol, Bristol, UK; Jane Elliott, Centre for
Longitudinal Studies, Institute of Education, London, UK; Catharine
Gale, MRC Lifecourse Epidemiology Unit, University of Southampton,
Southampton, UK; Mike Gardner, School of Social and Community
Medicine, University of Bristol, Bristol, UK; James Goodwin, Age UK,
UK; Alison Stephen, MRC Human Nutrition Research, Elsie Widdowson
Laboratory, Cambridge, UK; Carmen Martin-Ruiz, Institute for Ageing
and Health, Newcastle University, Newcastle, UK; Gita Mishra, School of
Population Health, University of Queensland, Herston, Australia; Zeinab
Mulla, MRC Unit for Lifelong Health and Ageing and Institute of
Epidemiology and Health Care, University College London, London, UK;
Emily Murray, MRC Unit for Lifelong Health and Ageing and Institute of
Epidemiology and Health Care, University College London, London, UK;
Sam Parsons, Centre for Longitudinal Studies, Institute of Education,
London, UK; Chris Power, MRC Centre of Epidemiology for Child
Health/Centre for Paediatric Epidemiology and Biostatistics, UCL
Institute of Child Health, London, UK; Marcus Richards, MRC Unit
for Lifelong Health and Ageing and Institute of Epidemiology and Health
Care, University College London, London, UK; Paul Shiels, Institute of
Cancer Sciences, University of Glasgow, Glasgow, UK; Humphrey
Southall, Department of Geography, University of Portsmouth, Ports-
mouth, UK; Kate Tilling, School of Social and Community Medicine,
University of Bristol, Bristol, UK; Vicky Tsipouri, MRC Unit for Lifelong
Health and Ageing and Institute of Epidemiology and Health Care,
University College London, London, UK; Thomas von Zglinicki, Institute
for Ageing and Health, Newcastle University, Newcastle, UK; Lawrence
Whalley, Institute of Applied Health Sciences, University of Aberdeen,
Aberdeen, UK.
Author Contributions
Interpretation of results: RH RC DK. Acquisition of data: RH RC AAS
YBS CC IJD PD JG RMM GM JMS AS HS DK. Critical revision of the
manuscript: RC AAS YBS CC IJD PD JG RMM GM JMS AS HS DK.
Conceived and designed the experiments: RH RC DK. Analyzed the data:
RH. Wrote the paper: RH.
References
1. Cooper R, Kuh D, Hardy R, Mortality Review Group, FALCon and HALCyon
study teams (2010) Objective measures of physical capability and subsequent
mortality: a systematic review and meta-analysis. Br Med J 341: c4467.
2. Cooper R, Kuh D, Cooper C, Gale CR, Lawlor DA, et al. (2011) Objective
measures of physical capability and subsequent health: a systematic review of
published literature. Age Ageing 40: 14–23.
3. Guralnik JM, Simonsick EM, Ferrucci L, Glynn RJ, Berkman LF, et al. (1994) A
short performance battery assessing lower extremity function: association with
self-reported disability and prediction of mortality and nursing home admission.
J Gerontol 49: M82–M94.
4. Rossner S (2002) Obesity: the disease of the twenty-first century. Int J Obes
Relat Metab Disord 26 Suppl 4(S2): S4.
5. Lobstein T, Jackson Leach R (2007) Foresight Tackling Obesities: Future
Choices - International Comparisons of Obesity Trends, Determinants and
Responses - Evidence Review. 2007. Department of Innovation Universities and
Skills. Available: http://www.bis.gov.uk/assets/foresight/docs/obesity/
06%20page.pdf.
6. Vincent HK, Vincent KR, Lamb KM (2010) Obesity and mobility disability in
the older adult. Obesity 11: 568–579.
7. Houston DK, Ding J, Nicklas BJ, Harris TB, Lee JS, et al. (2007) The association
between weight history and physical performance in the Health, Aging and Body
Composition study. Int J Obes Relat Metab Disord 31: 1680–1687.
8. Stenholm S, Alley D, Bandinelli S, Griswold ME, Koskinen S, et al. (2009) The
effect of obesity combined with low muscle strength on decline in mobility in
older persons: results from the InCHIANTI study. Int J Obes Relat Metab
Disord 33: 634–644.
9. Ferrucci L, Pennix BW, Leveille SG, Corti MC, Pahor M, et al. (2000)
Characteristics of nondisabled older persons who perform poorly in objective
tests of lower extremity function. J Am Geriatr Soc 48: 1102–1110.
10. Brach JS, VanSwearingen JM, FitzGerald SJ, Storti KL, Kriska AM (2004) The
relationship among physical activity, obesity, and physical function in
community-dwelling older women. Prev Med 39: 74–80.
11. Kuh D, Bassey EJ, Butterworth S, Hardy R, Wadsworth ME, et al. (2005) Grip
strength, postural control, and functional leg power in a representative cohort of
British men and women: associations with physical activity, health status, and
socioeconomic conditions. J Gerontol A Biol Sci Med Sci 60: 224–231.
12. Sergi G, Perissinotto E, Toffanello ED, Maggi S, Manzato E, et al. (2007) Lower
extremity motor performance and body mass index in elderly people: the Italian
Longitudinal Study on Aging. J Am Geriatr Soc 55: 2023–2029.
13. Woo J, Leung J, Kwok T (2007) BMI, body composition, and physical
functioning on older adults. Obesity 15: 1886–1894.
14. Lang IA, Llewellyn DJ, Alexander K, Melzer D (2008) Obesity, physical
function, and mortality in older adults. J Am Geriatr Soc 56: 1474–1478.
15. Forrest KY, Zmuda JM, Cauley JA (2006) Correlates of decline in lower
extremity performance in older women: A 10-year follow-up study.
J Gerontol A Biol Sci Med Sci 61: 1194–1200.
16. Shin H, Panton LB, Dutton GR, Ilich JZ (2011) Relationship of Physical
Performance with Body Composition and Bone Mineral Density in Individuals
over 60 Years of Age: A Systematic Review. J Aging Res 2011: 191896. doi:
10.4061/2011/191896.
17. Tolea MI, Costa PT, Terracciano A, Griswold M, Simonsick EM, et al. (2010)
Sex-specific correlates of walking speed in a wide age-ranged population.
J Gerontol B Psychol Sci Soc Sci 65B: 174–184.
18. Kuh D, Hardy R, Butterworth SL, Wadsworth M, Cooper C, et al. (2006)
Developmental origins of midlife grip strength: findings from a birth cohort
study. J Gerontol A Biol Sci Med Sci 61: 702–706.
19. Stenholm S, Harris TB, Rantanen T, Visser M, Kritchevsky SB, et al. (2008)
Sarcopenic obesity: definition, cause and consequences. Curr Opin Clin Nutr
Metab Care 11: 693–700.
20. Cooper R, Hardy R, Aihie Sayer A, Ben-Shlomo Y, Birnie K, et al. (2011) Age
and gender differences in physical capability levels from mid-life onwards: the
harmonisation and meta-analysis of data from eight UK cohort studies. PLoS
ONE 6: e27899.
21. Deary IJ, Whiteman MC, Starr JM, Whalley LJ, Fox HC (2004) The impact of
childhood intelligence on later life: following up the Scottish mental surveys of
1932 and 1947. J Pers Soc Psychol 86: 130–147.
22. Martin RM, Gunnell D, Pemberton J, Frankel S, Davey Smith G (2005) Cohort
profile: The Boyd Orr cohort–an historical cohort study based on the 65 year
follow-up of the Carnegie Survey of Diet and Health (1937–39). Int J Epidemiol
34: 742–749.
23. The Caerphilly and Speedwell Collaborative Group (1984) Caerphilly and
Speedwell collaborative heart disease studies. J Epidemiol Community Health
38: 259–262.
24. Steptoe A, Breeze E, Banks J, Nazroo J (2012) Cohort profile: The English
Longitudinal Study of Ageing. Int J Epidemiol Nov 9 [Epub ahead of print].
25. Syddall HE, Simmonds SJ, Martin HJ, Watson C, Dennison EM, et al. (2010)
Cohort profile: The Hertfordshire Ageing Study (HAS). Int J Epidemiol 39: 36–
43.
26. Syddall HE, Aihie Sayer A, Dennison EM, Martin HJ, Barker DJ, et al. (2005)
Cohort profile: the Hertfordshire cohort study. Int J Epidemiol 34: 1234–1242.
27. Wadsworth M, Kuh D, Richards M, Hardy R (2006) Cohort Profile: The 1946
National Birth Cohort (MRC National Survey of Health and Development).
Int J Epidemiol 35: 49–54.
28. Cole TJ (2000) Sympercents: symmetric percentage differences on the 100 loge
scale simplify the presentation of log transformed data. Stat Med 19: 3109–3125.
29. DerSimonian R, Laird N (1986) Meta-analysis in clinical trials. Control Clinl
Trials 7: 177–188.
30. Higgins JP, Thompson SG (2002) Quantifying heterogeneity in a meta-analysis.
Stat Med 21: 1539–1558.
31. Kuh D, Hardy R, Butterworth S, Okell L, Richards M, et al. (2006)
Developmental origins of midlife physical performance: evidence from a British
birth cohort. Am J Epidemiol 164: 1110–1121.
32. Jensen GL, Friedmann JM (2002) Obesity is associated with functional decline in
community-dwelling rural older persons. J Am Geriatr Soc 50: 918–923.
33. Jensen GL (2005) Obesity and functional decline: epidemiology and geriatric
consequences. Clin Geriatr Med 21: 677–687.
34. Zoico E, Di Francesco V, Guralnik JM, Mazzali G, Bortolani A, et al. (2004)
Physical disability and muscular strength in relation to obesity and different body
composition indexes in a sample of healthy elderly women. Int J Obes Relat
Metab Disord 28: 234–241.
BMI, Muscle Strength and Physical Performance
PLOS ONE | www.plosone.org 12 February 2013 | Volume 8 | Issue 2 | e56483
35. Bouchard DR, Dionne IJ, Brochu M (2009) Sarcopenic/obesity and physical
capacity in older men and women: data from the Nutrition as a Determinant of
Successful Aging (NuAge) - the Quebec longitudinal study. Obesity 17: 2082–
2088.
36. Davison KK, Ford ES, Cogswell ME, Dietz WH (2002) Percentages of body fat
and body mass index are associated with mobility limitations in people aged 70
and older from NHANES III. J Am Geriatr Soc 50: 1802–1809.
37. Wells JC (2007) Sexual dimorphism of body composition. Best Prac Res Clin
Endocrinol Metab 21: 415–430.
38. Ding J, Kritchevsky SB, Newman AB, Taaffe DR, Nicklas BJ, et al. (2007)
Effects of birth cohort and age on body composition in a sample of community-
based elderly. Am J Clin Nutr 85: 405–410.
39. Rantanen T, Masaki KT, Foley D, Izmirlian G, White L, et al. (1998) Grip
strength changes over 27 yrs in Japanese-American men. J Appl Physiol 85:
2047–2053.
40. Li L, Hardy R, Kuh D, Lo Conto R, Power C (2008) Child-to-adult body mass
index and height trajectories: a comparison of 2 British birth cohorts.
Am J Epidemiol 168: 1008–1015.
BMI, Muscle Strength and Physical Performance
PLOS ONE | www.plosone.org 13 February 2013 | Volume 8 | Issue 2 | e56483
